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Caveolae and transverse (T-) tubules are membrane structures enriched in cholesterol and
glycosphingolipids. They play an important role in receptor signalling and myogenesis. The T-
systemisalsohighlyenrichedindihydropyridinereceptors(DHPRs),whichcontrolexcitation–
contraction (E–C) coupling. Recent results have shown that a depletion of membrane
cholesterol alters caveolae and T-tubules, yet detailed functional studies of DHPR expression
are lacking. Here we studied electrophysiological and morphological effects of methyl-β-
cyclodextrin (MβCD), a cholesterol-sequestering drug, on freshly isolated fetal skeletal muscle
cells. Exposure of fetal myofibres to 1–3 mm MβCD for 1 h at 37◦C led to a significant
reduction in caveolae and T-tubule areas and to a decrease in cell membrane electrical
capacitance. In whole-cell voltage-clamp experiments, the L-type Ca2+ current amplitude
was significantly reduced, and its voltage dependence was shifted ∼15 mV towards more
positive potentials. Activation and inactivation kinetics were slower in treated cells than in
control cells and stimulation by a saturating concentration of Bay K 8644 was enhanced. In
addition, intramembrane charge movement and Ca2+ transients evoked by a depolarization
were reduced without a shift of the midpoint, indicating a weakening of E–C coupling. In
contrast, T-type Ca2+ current was not affected by MβCD treatment. Most of the L-type Ca2+

conductance reduction and E–C coupling weakening could be explained by a decrease of the
number of DHPRs due to the disruption of caveolae and T-tubules. However, the effects on
L-type channel gating kinetics suggest that membrane cholesterol content modulates DHPR
function. Moreover, the significant shift of the voltage dependence of L-type current without
any change in the voltage dependence of charge movement and Ca2+ transients suggests that
cholesterol differentially regulates the two functions of the DHPR.
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Ca2+ flux across the cell membrane into the myoplasm
is required during several stages of muscle development
including myoblast fusion (Seigneurin-Venin et al. 1996;
Bijlenga et al. 2000) and late-stage differentiation into
multinucleated myotubes (Shainberg et al. 1969; Morris &
Cole, 1979; Salzberg et al. 1995). The cellular mechanisms
and sites of regulation of Ca2+ influx in developing
muscle cells are poorly understood. In striated muscle cells,
the highest density of voltage-dependent dihydropyridine
receptor (DHPR) L-type Ca2+ channels is found in the
transverse tubular system (Siri et al. 1980; Potreau &
Raymond, 1980; Almers et al. 1981; Jorgensen et al.
1989; Romey et al. 1989), where these channels control
excitation–contraction (E–C) coupling (Rios & Brum,

1987). DHPRs are also found in discrete foci in the
sarcolemmal region of the myofibres corresponding to
caveolae (Jorgensen et al. 1989). Other Ca2+ channel
types, such as T-type Ca2+ channels have been described
in developing skeletal muscle (Beam & Knudson, 1988;
Berthier et al. 2002). They are preferentially located at
the surface membrane (Romey et al. 1989) and could
be involved in the early stages of muscle differentiation
(Bijlenga et al. 2000; Berthier et al. 2002). Moreover,
peripheral couplings established between the plasma
membrane and the sarcoplasmic reticulum play a
significant functional role in fetal myotubes (Takekura
et al. 1994). Hence, control of Ca2+ influx in muscle cells
could involve different types of Ca2+ channels at different
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locations. Recent work suggests that plasma membrane
caveolae regulate intracellular Ca2+ influx and receptor-
mediated signal transduction pathways in many cell types
(for review see Isshiki & Anderson, 1999). Since caveolae
and the nascent T-system may have a common anatomical
origin (Yuan et al. 1990, 1991; Flucher et al. 1991), these
two locations could play a role in the control of Ca2+ influx
at different stages of muscle cell development.

Caveolae are 50–100 nm ‘omega-shaped’ specialized
microdomains of the plasma membrane. These membrane
invaginations of the cell surface are characterized by a
light buoyant density, a resistance to solubilization by
Triton X-100 at 4◦C and enrichment in glycosphingolipids,
cholesterol, sphingomyelin, and lipid anchored membrane
proteins (Shaul & Anderson, 1998). Caveolae are also
enriched in a 21–24 kDa characteristic membrane protein,
called caveolin. The expression of caveolin-3, which is
limited to muscle cells of all types (skeletal, cardiac
and smooth muscle cells), is regulated during muscle
development (Biederer et al. 2000) and is associated
with both caveolae and T-tubules system in developing
and mature skeletal muscle fibres (Parton et al. 1997;
Ralston & Ploug, 1999). These results, combined with early
morphological studies, suggest that caveolae and caveolin-
3 may be involved in the development of transverse tubules
during myogenesis (Ishikawa, 1968; Franzini-Armstrong,
1991).

The T-tubule membrane system of striated muscle cells,
like caveolae, is highly enriched in cholesterol (Rosemblatt
et al. 1981). Several studies have demonstrated that
the cholesterol content of plasma membrane influences
intracellular Ca2+ homeostasis and transmembrane Ca2+

flux (for review see Bastiaanse et al. 1997). In smooth
and cardiac muscle cells (Gleason et al. 1991; Sen et al.
1992; Bastiaanse et al. 1994), cholesterol enrichment of
the plasma membrane was associated with an increase
in intracellular Ca2+ and in Ca2+ flux through L-type
Ca2+ channels. In contrast, cholesterol depletion caused a
decrease in frequency, amplitude and the spatial dimension
of Ca2+ sparks in arterial smooth muscle cells and neonatal
cardiomyocytes (Löhn et al. 2000), and a decrease in
depolarization-induced muscle tension in skinned skeletal
muscle fibres (Launikonis & Stephenson, 2001). Although
the mechanisms by which plasma membrane cholesterol
enrichment or depletion affect Ca2+ homeostasis are
not clear, the structural and functional integrity of the
T-system and caveolae are known to depend on the
presence of membrane cholesterol. In epithelial cell lines,
exposure to cholesterol-binding agents flattened the shape
of caveolae (Rothberg et al. 1990; Chang et al. 1992) and
in skeletal muscle, cholesterol binding drugs caused a

redistribution of T-tubule protein markers and a dramatic
reduction in the extent of surface-connected tubular
elements (Carozzi et al. 2000). Furthermore, absolute
cellular levels of cholesterol need to rise above a certain
threshold before caveolae formation can occur (Hailstones
et al. 1998). Hence, one of the consequences of cholesterol
enrichment or depletion may be to modify the density and
functional state of caveolae and T-tubules where muscle
Ca2+ homeostasis might be critically regulated.

The aim of this study was to examine the effect of
membrane cholesterol depletion on skeletal muscle Ca2+

channels and E–C coupling. In this work, freshly isolated
skeletal muscle myofibres from mice fetuses were treated
with methyl-β-cyclodextrin (MβCD), which removes cell
membrane cholesterol from viable cells (Kilsdonk et al.
1995; Yancey et al. 1996; Christian et al. 1997; Gimpl et al.
1997; Steck et al. 2002). We investigated the effect of MβCD
treatment on Ca2+ currents, charge movements, voltage-
evoked Ca2+ transients and membrane ultrastructure.
We show that in our preparation MβCD produced
morphological changes in the nascent T-tubule membrane
network. Additionally, MβCD treatment modified L-type
Ca2+ current properties and weakened E–C coupling.
Altogether, our results indicate that membrane cholesterol
modulates DHPR function by several mechanisms. Part of
this work has been published in abstract form (Strube et al.
2002; Pouvreau et al. 2003).

Methods

Single cell preparation

All experiments, except for those examining T-tubule
ultrastructure (see below), were performed on freshly
isolated intercostal myotubes from 18-day-old mouse
fetuses (Swiss OF1 from IFFA CREDO, l’Arbresle, France).
Pregnant mice and fetuses were killed by cervical
dislocation and decapitation, respectively, in accordance
with ethical guidelines laid down by the French directives
for care of laboratory animals (decree 87–848). The two
half-ribcages of each fetus were dissected in Krebs solution
containing (mm): 140 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2,
10 Hepes-NaOH, pH 7.4. The tissues were incubated
at 37◦C for about 12 min in phosphate-buffered saline
(Sigma, St Quentin Fallavier, France), containing 3 mg
ml−1 collagenase (type I, Sigma) and 1 mg ml−1 trypsin
(type III, Sigma). Cells were then mechanically dispersed
and collected in plastic Petri dishes (35 mm diameter)
containing Krebs solution for the control conditions. The
treated cells were incubated at 37◦C for 1 h in Krebs
containing either methyl-β-cyclodextrin (MβCD, Sigma)

C© The Physiological Society 2004



J Physiol 555.2 pp 365–381 Modulation of dihydropyridine receptor by cholesterol 367

or a mixture of cholesterol and MβCD (cholesterol–water
soluble, Sigma). Concentrations of 1–5 mm MβCD were
used and had a similar effect. For the cholesterol-treated
cells, the molar ratio cholesterol/MβCD was 1/5 and the
final concentration of MβCD was 1.4 mm. As a control,
we also checked that the incubation at 37◦C by itself did
not affect cell properties.

Electrophysiological measurements

The standard patch-clamp technique was used in the
whole-cell recording configuration. Recordings were made
with an Axopatch 200B patch-clamp amplifier (Axon
Instruments, Foster City, CA, USA) at room temperature.
Leak currents and linear capacity (for charge movement
recordings) were compensated with the amplifier’s circuit.
Series resistance, Rs, was analogically compensated close
to the point of amplifier oscillation with the amplifier’s
circuit. The voltage drop due to series resistance
(Rs × Imax) was checked for each cell and never exceeded
6 mV. The average value was 2.66 ± 0.14 mV (n = 102).
The average time lag needed to charge the membrane
capacitance (Rs × Cm) was 0.40 ± 0.01 ms (n = 102) and
never exceeded 0.70 ms. Data acquisition and command
voltage pulse generation were performed with a Digidata
1200 interface controlled by pCLAMP software (Axon
Instruments). Data were filtered at 1 kHz and digitized at
2–10 kHz. Cell capacitance was determined by integration
of a capacity transient elicited by a 10 mV hyperpolarizing
pulse from a holding potential of −80 mV. Ca2+ currents
were measured from a holding potential of −80 mV. Test
pulses of 500 ms in 10 mV increments to potentials ranging
from −70 to +60 mV were applied. A 750 ms prepulse to
−30 mV was used to inactivate T-type Ca2+ currents and
to isolate L-type Ca2+ currents. The charge movement
protocol consisted of a 25 ms test pulse P (in 10 mV
increments ranging between −50 and +60 mV) from a
holding potential of −80 mV. Subtraction of the linear
component was assisted by a P/4 procedure preceding the
test pulse. P/4 hyperpolarizing prepulses were separated by
500 ms and had a duration of 25 ms. An alternative protocol
that eliminated immobilization-sensitive components in
myotubes in culture (Adams et al. 1990; Strube et al. 1996)
was also used and gave qualitatively similar results.

Ca2+ transient measurements

Ca2+ transients were measured using a confocal
microscope in line-scan mode as previously described
(Ahern et al. 2001). Cells were loaded with 5 µm fluo-
4 (fluo-4 acetoxymethyl (AM) ester, Molecular Probes,

Eugene, OR, USA) for 1 h at room temperature. Stocks of
fluo-4 (1 mg ml−1) were made in DMSO and stored frozen.
All experiments were performed at room temperature.
Cells were viewed with an inverted Olympus microscope
with a × 20 objective and a Fluoview confocal attachment
(Olympus, Melville, NY, USA). The 488 nm spectrum
line necessary for fluo-4 excitation was provided by a
5 mW argon laser attenuated to 6–20% with neutral density
filters. The pinhole aperture was 100–150 µm. Excitation
was separated from emission with a dicroic mirror DM
488/543 followed by a long pass filter at 510 nm. The
dimensions of the line-scan images were 512 pixels per
line with a pixel size of 0.25 µm and 1000 lines per image.
The z-axis resolution was ∼0.8 µm. The line-scan rate
was 2.05 ms per 512-pixel line. The fluorescence intensity,
F , was calculated by densitometric scanning of line-scan
images and was averaged over the entire width of the cell.
The background fluorescence intensity (F0) was averaged
in the same manner from areas of the same image prior
to the voltage pulse. The fluorescence unit F corresponds
to (F – F0)/F0. A compressed 32-colour table and an
8-pixel running average (smoothing) were applied to all
images to highlight the Ca2+ transient. The pixel intensity
as a function of time and space was obtained directly
from the line-scan image with tools provided by National
Institutes of Health-Image 1.6 (National Institutes of
Health, Bethesda, MD, USA). A complete patch-clamp
set-up was coupled to the confocal microscope to control
the membrane potential. Ca2+ transients were evoked
every 30 s in response to 50 ms depolarizing pulses in
−20 mV increments to potentials ranging from +60 to
−40 mV from a holding potential of −80 mV.

Solutions

Action potentials were recorded in Krebs solution
containing (mm): 140 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2,
10 Hepes-NaOH, pH 7.4, and the pipette solution
contained (mm): 140 KCl, 1 MgCl2, 0.5 EGTA, 10
MOPS-KOH, pH 7.2. The external solution for Ca2+

current recordings and Ca2+ transient measurements
contained (mm): 130 TEA methanesulphonate,
10 CaCl2, 1 MgCl2, 10−3 TTX, 10 Hepes-
TEA(OH), pH 7.4. The pipette solution consisted
of (mm): 140 caesium aspartate, 5 MgCl2, 5 EGTA
(Ca2+ currents) or 0.1 EGTA (Ca2+ transients), 10 Mops-
CsOH, pH 7.2. For charge movement recordings 0.5 mm
Cd2+ and 0.2 mm La3+ were added to the external solution
and caesium was replaced by N-methyl glucamine in the
internal solution.
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Data analysis

Data analysis and curve fitting were done using pCLAMP
(Axon Instruments) and Sigmaplot (Jandel, San Rafael,
CA, USA). Statistical tests were performed with Instat
(GraphPad Software Inc, San Diego, CA, USA).

The voltage dependence of the L-type Ca2+ current
curves was fitted with a smooth curve according to eqn (1):

IL(V ) = Gmax(V − Vrev)/{1 + exp[(V1/2,G − V )/kG]}
(1)

where IL(V ) is the peak current in response to the test
depolarizing potential V , V rev is the apparent reversal
potential (determined as one of the fitted parameters),
Gmax is the maximum conductance for the peak current,
V 1/2,G is the potential that elicits the half-maximum
increase in conductance, and kG is a steepness parameter.
This fit allowed us to determine Imax, the peak of this fit,
and the corresponding potential, V Imax. Ca2+ conductance
versus voltage curves were calculated from eqn (2) using
the V rev value obtained from the fit of the IL(V ) curve with
eqn (1):

G(V ) = I (V )/(V − Vrev) (2)

As previously described (Strube et al. 2000), the time
course of the macroscopic L-type Ca2+ current was fitted
by the sum of two exponential components according to
eqn (3):

I (t) = A1exp(−t/τ1) + A2exp(−t/τ2) + C (3)

where I(t) is the current density at time t after the onset
of the depolarization, τ 1 and τ 2 are the time constants for
the two components of the current time course, C is the
steady-state current, and A1 and A2 are the amplitudes for
each component.

For each cell, or for the population average, the voltage
dependence of Ca2+ conductance (G), charge movements
(Q), and fluorescence variation (F) were fitted according
to a Boltzmann equation (eqn (4)):

A(V ) = Amax/{1 + exp[−(V − V1/2,A)/k]} (4)

where Amax was either Gmax, Qmax or Fmax; V 1/2,A is the
potential at which A = Amax/2; and k is the slope factor.

In all figures, the symbols and error bars correspond
to the population mean ± s.e.m. of n experiments. The
curves correspond to a fit to the mean values. The statistical
differences between control and MβCD-treated groups
were made using the non-parametric Mann-Whitney test.
The significance level was set at P < 0.05.

Di-8-ANEPPS image analysis

MβCD-treated or untreated freshly isolated myotubes
were stained in Krebs solution containing 8.5 mm Di-8-
ANEPPS (Molecular Probes) for up to 10 min followed
by dye washout. Cells were then viewed with the same
inverted microscope, filters and confocal attachment as
for Ca2+ measurements, except that we used a 40 × oil-
immersion objective (NA = 1.3). 2D images (1024 ×
1024 pixels) of Di-8-ANEPPS fluorescent labelling were
Kalman-averaged three times and analysed with Scion
Image software (PC version of NIH Image developed by
Scion corporation, MD, USA). The 2D orientation of
labelled T-tubule membrane structures was analysed for
each image using a standard method, as follows. Images
were first rotated to identically orientate all myofibres:
the major axis of each cell was arbitrarily set so that it
made a 45 deg angle with the x-axis of the image. A
region of interest, comprising the entire surface of the
optical section of the labelled cell excluding the surface
membrane, was then defined manually. The grey level
distribution of each thus-defined region of interest was
arithmetically standardized, setting the maximum grey
level value at 255 and the mean grey level value at 127. The
threshold was arbitrarily set to eliminate pixels with a grey
level value inferior to 130–135, resulting in background-
labelling elimination. Images were then binarized and
noise-reduced by erosion. The orientation of stained
profiles larger than 20 pixels, i.e. the angle made by the
main axis of each profile with the x-axis of the image, was
then automatically determined. These angles, measured
on six MβCD-treated cells and seven control cells, were
pooled and plotted on a histogram that thus displayed the
distribution of the orientation of T-tubule profiles for each
cell category.

Ultrastructural study

For observation of caveolae, MβCD-treated or untreated
freshly isolated fetal intercostal muscles were fixed at room
temperature for 60 min with 2% glutaraldehyde, then
postfixed for 30 min with 1% osmium tetroxide, and
finally dehydrated and embedded. Sections were stained
with uranyle acetate and lead citrate and examined with
a Philips CM 120 electron microscope. For T-tubule
observation, the two half-ribcages of an 18-day-old mouse
fetus were dissected in Krebs solution. One half-ribcage
was incubated at 37◦C for 1 h in Krebs containing
6 mm MβCD, the other one was incubated under the
same conditions in normal Krebs. The electrophysiological
effect of MβCD under these experimental conditions
was controlled in preliminary experiments on myotubes
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dissociated after MβCD incubation and was found to be
the same as on fibres treated with MβCD after dissociation.
After the incubation, each half-ribcage was rinsed and
fixed in 2% glutaraldehyde–1.6% paraformaldehyde in
100 mm cacodylate buffer, pH 7.3 for 150 min. Specimens
were washed five times in buffer and rinsed overnight
at 4◦C in 150 mm cacodylate buffer. Small pieces of
intercostal muscle were post-fixed for 150 min with
vibratory agitation at room temperature in 1% osmium
tetroxide–2% lanthanum nitrate in a 100 mm S-collidine
buffer at pH 7.4. Specimens were then rapidly dehydrated,
and embedded in epon. Tissue sections were examined
using a Jeol 1200 EX electron microscope.

Digital images taken for caveolae and T-tubule
observations were analysed with AnalySIS (Soft Imaging
System, Eloı̈se, Roissy, France). For observation of
caveolae, we first measured the length of linear sarcolemma
without including the invaginations of the surface
membrane and then measured the perimeter of each
caveolae and totted up these perimeters. The ratio of
caveolae length to sarcolemma length was used as an
estimation of the caveolae density. For observation of
T-tubules, the length of T-tubule labelled profiles and

Figure 1. The T-tubule system is
disorganized in MβCD-treated muscle
fibres
A and C, freshly isolated intercostal muscle
cells from 18-day-old fetuses stained with
Di-8-Anepps in control conditions (A) and
after MβCD treatment (C). White arrows
indicate ‘beaded’ stained lines running
parallel to the cell surface, black arrows
indicate weakly stained line orientated
perpendicular to the cell surface. Scale bars =
5 µm. B and D, computed histogram of the
orientation of all identified objects of the
binary image (see Methods) obtained by
analysing 7 control cells (B) or 6
MβCD-treated cells (D). The dotted line is a fit
to the data using one or two Gaussian curves.
The arrow indicates the angle that the main
axis of the cell made with a vertical axis, i.e.
45 deg.

the surface of the fibres (except the nucleus area) were
measured on fibres orientated parallel to the section plan.
The ratio of the two values was used as an estimation of
T-tubule density.

Chemicals

Deionized glass-distilled water was used in all solutions.
All salts were reagent grade. Bay K 8644 (Calbiochem, La
Jolla, CA, USA) was made as a 5 mm stock solution in
absolute ethanol and stored in light-resistant containers.

Results

To determine gross anatomical changes in the nascent
T-tubule system produced by MβCD, cells were incubated
with Di-8-ANEPPS. Di-8-ANEPPS is a membrane-
impermeant fluorescent dye that intercalates in the outer
leaflet of the cell surface membrane and of the surface-
connected membranes such as the T-system (Shacklock
et al. 1995). Figure 1A shows a confocal image in reverse
colour (black represents high-intensity fluorescence) of a
freshly isolated intercostal muscle cell from an 18-day-old
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fetus incubated with 8.5 mm Di-8-ANEPPS for 10 min
at room temperature. The staining pattern was inspected
at different focal planes and the most salient features
which are shown by the arrows consisted of strings of
dots or ‘beaded’ lines running parallel to the cell surface
(white arrows) and of weakly stained fine line-like elements
with a direction perpendicular to the cell surface (black
arrows). The orientation of the beaded lines is consistent
with the longitudinal orientation of the T-system seen at
early stages of development (Franzini-Armstrong, 1991;
Takekura et al. 2001) and the orthogonal line-like elements
could represent connections between the longitudinal
elements. To quantify the orientation of all objects in
the image, we measured the angle that each object made
with a vertical line after binarizing and eroding the
image (Methods). A histogram of the orientation of all

Figure 2. MβCD treatment reduces the
amount of caveolae and T-tubules
connected to the membrane
A–D, electron microscopy pictures of control
(A, C) and MβCD-treated (B, D) 18-day-old
fetus intercostal muscles stained with
lanthanum. Black arrows indicate
lanthanum-labelled T-tubules (A, B) and
lanthanum-labelled caveolae (C, D). White
arrowheads indicate sarcolemma of two
apposite cells. Scale bars = 500 nm. B,
histogram of the amount of T-tubules (right)
and caveolae (left) connected to the
membrane before and after MβCD
treatment. The number indicated at the
bottom of each bar corresponds to the
number of measurements included in the
corresponding bar. Values for MβCD-treated
cells are significantly different
(P < 0.02, Mann-Whitney test) from the
control values.

identified objects in the binary image with respect to
the vertical axis is shown in Fig. 1B for seven cells. The
main orientation of the cell is indicated by the arrow
and represents a 45 deg angle with the vertical. The
histogram shows that most of the objects in the cell were
orientated either parallel to the long axis of the cell (45
deg angle) or perpendicular to the cell length (135 deg
angle). Figure 1C shows a confocal image of a muscle cell
treated with 3 mm MβCD for 1 h at 37◦C prior to the
Di-8-ANEPPS staining, and data from six similar fibres
are computed in the histogram in Fig. 1D. In MβCD-
treated cells the majority of the objects are orientated
longitudinally (parallel to the long axis of the cell) whereas
objects with a transverse orientation (perpendicular to
the cell) were not stained by Di-8-ANEPPS. This result
suggested that MβCD treatment produced a drastic
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Table 1. Parameter values of action potentials recordings

n Amplitude Half-width Max. rate of rise Max. rate of decay
(mV) (ms) (mV ms−1) (mV ms−1)

Control 5 113.3 ± 10.2 2.61 ± 0.41 132.2 ± 20.2 −53.7 ± 8.8
MβCD 6 106.9 ± 3.4 2.81 ± 0.20 124.2 ± 15.4 −42.0 ± 3.3

Action potentials recorded in current clamp were evoked from a holding potential of −80 mV by 10 ms pulses. None of the values
obtained in treated-cells are significantly different from the corresponding control values (Mann-Whitney test).

Table 2. Parameter values of the IL–V curve fits

n C (pF) Gmax (nS) V1/2,G (mV) kG (mV) V rev (mV) Imax (nA)

Control 32 296.5 ± 19.2 58.8 ± 4.5 12.7 ± 1.2 5.2 ± 0.2 71.4 ± 2.0 −2.47 ± 0.18
MβCD 20 224.4 ± 20.3∗ 34.5 ± 2.9∗∗ 29.0 ± 1.7∗∗ 6.7 ± 0.3∗∗ 73.8 ± 1.9 −0.89 ± 0.15∗∗

MβCD + cholesterol 9 306.4 ± 35.9 54.4 ± 4.4 15.9 ± 2.1 6.1 ± 0.3∗ 74.2 ± 3.5 −2.26 ± 0.27

All the parameters were calculated as described in Methods. C is the membrane capacitance of the cell, Gmax is the maximum
conductance for the peak current, V1/2,G is the potential that elicits the half-maximum increase in conductance, kG is a steepness
factor, Imax, is the peak of the IL–V curve fit and V rev the corresponding potential. Data are given as mean ± S.E.M. and were obtained
by fitting the data from n fibres in each group. Asterisks indicate values which are significantly different (∗P < 0.05; ∗∗P < 0.001) from
the corresponding control values (Mann-Whitney test).

disorganization of the nascent T-tubule system and an
overall loss of spatial complexity in this membrane
network.

To further explore the effect of the MβCD on membrane
ultrastrucuture, we performed electron microscopy on
muscles stained with lanthanum, which is an electron-
dense extracellular tracer that outlines caveolae and the
T-tubule system (Minetti et al. 2002). Representative
images from a control and from a MβCD-treated cell
are shown in Fig. 2A–D. Two sets of measurements were
done on two different populations of cells as described
in Methods. First, we measured the total length of the
T-tubules stained with lanthanum and divided this
number by the corresponding cell surface on 75 images
taken from 38 control (untreated) cells (Fig. 2A) and
75 images taken from 38 MβCD-treated cells (Fig. 2B).
The average ratio values obtained are summarized in the
left histogram of Fig. 2E which shows that the density
of lanthanum-labelled T-tubules was reduced in MβCD-
treated fibres. On a different group of myotubes (14
images from 4 control fibres, Fig. 2C, and 14 images
from 4 MβCD-treated fibres, Fig. 2D), we measured the
total caveolae perimeter and the corresponding linear
sarcolemma length. The results are summarized in the
right histogram of Fig. 2E, which shows that the number
of caveolae is reduced in MβCD-treated fibres compared
to control cells. Altogether, these morphological studies
are consistent with the confocal images. They suggest that
a significant proportion of the membrane invaginations

were disconnected from the surface membrane in MβCD-
treated cells.

Global changes in cell surface and surface-connected
areas after MβCD treatment were estimated by electrical
capacitance measurements in voltage-clamped cells. In
these experiments, 21 control and 36 MβCD-treated
fibres were imaged under phase contrast at 320 ×
magnification to obtain the visual surface. The two-
dimensional cell area or visual surface was measured
with Lucia Analysis software (Nikon, Champigny sur
Marne, France). Cell membrane capacitance was then
measured in the same cell after establishing the whole-cell
configuration. Figure 3 shows the membrane capacitance
plotted as a function of the visual surface for the same
cell. The continuous lines correspond to a linear fit to
the values of each population of cells. The graph shows
that for an equal visual surface (mean values of 10773 ±
510 and 10106 ± 533 µm2 for control and treated cells,
respectively), membrane capacitance was significantly
reduced in MβCD-treated cells (279.9 ± 17.7 and 206.4 ±
12.2 pF for control and treated cells, respectively, P < 0.002
Mann-Whitney test). Since membrane capacitance was
significantly different between control and MβCD-treated
cells, the electrophysiological data below have not been
normalized with respect to the cell capacitance. Instead,
control and MβCD-treated cells were selected by eye on
the basis of a comparable visual surface.

To check the excitability of the fibres, action potentials
evoked by 10 ms pulses from a holding potential of
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−80 mV in control and MβCD-treated cells were recorded
under current clamp. Four parameters were measured
to allow a comparison between the two populations of
fibres: the amplitude of the action potential, its duration
at its half-maximum amplitude, the maximum rate of
rise and the maximum rate of decay (Table 1). None of
these parameters recorded in treated cells was significantly
different from the corresponding value in control cells,
suggesting that the excitability of the fibres was not
drastically affected by MβCD treatment.

Ca2+ currents in control and MβCD-treated cells were
recorded with whole-cell voltage clamp in external and
pipette solutions designed to isolate Ca2+ current from
other currents in the cell. Figure 4A shows representative
whole-cell Ca2+ current recordings obtained in control and
MβCD-treated cells in response to 500 ms depolarizing
voltage steps from a holding potential of −80 mV. From
this holding potential, we observed both T-type and
L-type Ca2+ currents, in agreement with previous results
(Beam & Knudson, 1988; Shimahara & Bournaud, 1991;
Strube et al. 2000; Berthier et al. 2002). Currents are
shown for step depolarizations to −20 and +30 mV where
either T- or L-type currents are dominant, respectively. The
records clearly show that L-type Ca2+ current was reduced
in MβCD-treated myotubes. The average ICa–V curves
shown in Fig. 4B confirmed this result. Whereas T-type
Ca2+ current was not affected by the MβCD treatment,
the maximum amplitude of L-type current was reduced
∼3-fold and its voltage dependence was shifted ∼15 mV
towards more positive potentials.

In order to test if MβCD could modify the L-type
Ca2+ channel by a mechanism other than cholesterol

Figure 3. For a constant visual surface, cell membrane
capacitance is reduced in MβCD-treated cells
Cell membrane capacitance is plotted as a function of the visual
surface for 21 control cells and 36 MβCD-treated cells. The continuous
lines correspond to a linear fit to the values of each population of cells.

removal, we recorded L-type Ca2+ current from myotubes
incubated in the presence of 1.4 mm MβCD saturated
with cholesterol (molar cholesterol/MβCD ratio = 1/5).
Since MβCD acts as a cholesterol carrier, this procedure
is usually used as a control to demonstrate that the
cholesterol-saturated MβCD is unable to affect membrane
processes (Launikonis & Stephenson, 2001) in the same
way as MβCD by itself. To isolate L-type Ca2+ currents,
a 750 ms prepulse to −30 mV was used to inactivate T-
type Ca2+ currents. IL–V curves from control, MβCD-
treated or MβCD + cholesterol-treated cells are shown
in Fig. 5A. Whereas MβCD alone reduced L-type Ca2+

current amplitude by ∼65% and shifted the voltage
dependence, MβCD + cholesterol did not significantly
affect the L-type Ca2+ current (Fig. 5 and Table 2). From
this result, we may conclude that the effect of MβCD was
due to membrane cholesterol removal rather than to a
direct pharmacological effect on the DHPR.

In the following experiments we further investigated
the effect of MβCD treatment on the gating and kinetic

Figure 4. MβCD treatment decreases L-type Ca2+ current
amplitude without significantly affecting T-type Ca2+ current
A, representative Ca2+ current recordings in response to 500 ms
depolarizing pulses from a holding potential of −80 mV to the
indicated potential in control and MβCD-treated fibres. B, averaged
voltage dependence of Ca2+ current obtained from 38 control and 40
MβCD-treated cells.
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properties of L-type Ca2+ channels. After the 750 ms
prepulse to −30 mV used to inactivate T-type Ca2+

current, test pulses of 500 ms (for I–V curves) or 1500 ms
(for kinetic analysis) were applied between −30 and
+60 mV in 10 mV increments. Figure 5B shows Ca2+

conductance versus voltage curves computed as described
in Methods with eqns (1) and (2). The continuous lines
correspond to a Boltzmann fit to the population mean
while mean parameters fitted to each cell are shown in
Table 2. These data show that the maximum conductance,

Figure 5. Cholesterol-saturated MβCD does not significantly
affect L-type Ca2+ current
A, voltage dependence of the average L-type Ca2+ current recorded in
32 control, 20 MβCD-treated and 9 cholesterol + MβCD-treated
fibres. Continuous lines correspond to a fit to the mean data using
eqn (1) from Methods. B, average voltage dependence of L-type
macroscopic conductance in control (n = 32), MβCD-treated (n = 20)
and cholesterol + MβCD-treated (n = 9) fibres. Continuous lines
correspond to a Boltzmann fit to the average populations. The
parameters of the fit are Gmax = 58.0, 33.9 and 57.2 nS, V 1/2,G =
12.5, 29.3 and 15.5 mV, kG = 6.11, 7.70 and 6.94 mV for control,
MβCD-treated and cholesterol + MβCD-treated cells, respectively. The
dotted line corresponds to the normalization of the fit obtained in
MβCD-treated cells with respect to the Gmax value determined under
control conditions.

Gmax, was significantly reduced (∼40%) in MβCD-treated
cells, but not significantly affected in MβCD+ cholesterol-
treated cells. Moreover, scaling the fit of the MβCD-
treated population (dotted line) to that of control cells
indicated clearly that the half-activation potential, V 1/2,Q,
was shifted 16 mV towards positive potentials. However,
the apparent reversal potential, V rev, was not significantly
different (see Table 2). Figure 6 summarizes the results
of a kinetic analysis of L-type Ca2+ current. We noticed
that MβCD treatment increased the time to peak ∼1.5-
fold (results not shown). The fit of the macroscopic L-
type current as a sum of two exponential components
(see Methods) allowed us to evaluate changes in activation
and inactivation kinetics. As shown in Fig. 6A, in most
cases the time course of the current in response to a test
potential larger than 0 or 10 mV for control or MβCD-
treated cells, respectively, was well described by eqn (3).
For smaller depolarizations the current was too slow and
displayed little if any inactivation. Figure 6B illustrates
activation and inactivation time constants versus potential.
Both the activation and inactivation time constants were
significantly larger at all test potentials, indicating that
MβCD slowed the Ca2+ current kinetics. Altogether, these
results show that cholesterol removal modified gating
properties of L-type Ca2+ channels.

Since the L-type Ca2+ current is sensitive to DHPs,
we evaluated possible changes in sensitivity to the DHP
agonist Bay K 8644. Figure 7 shows the effect of external
application of 5 µm Bay K 8644 to control and MβCD-
treated myofibres. In these experiments, data were fitted
with eqn (1) as described in Methods to determine Imax,
which corresponds to the peak of the I–V curve. For each
cell, the maximum current during a step depolarization,
recorded before and after Bay K 8644 application, was
normalized with respect to the value of Imax obtained
during the control period. The graphs shown were
obtained by averaging data from six control (Fig. 7A)
and five MβCD-treated (Fig. 7B) myotubes. In agreement
with previous results (Strube et al. 1996), Bay K 8644
treatment in control cells increased Imax by ∼1.4-fold and
shifted its peak towards negative potentials by ∼8.5 mV.
In MβCD-treated cells, the increase was significantly
larger (∼1.96-fold) and the potential of half-activation,
V 1/2,G, was slightly more shifted, suggesting a change in
the DHP sensitivity. These results show that a saturating
concentration of Bay K 8644 facilitated activation more in
MβCD-treated than in control cells.

The impact of MβCD treatment on DHP receptor
function in myofibres E–C coupling was inferred
from intramembrane charge movements and from
Ca2+ transients evoked by voltage. Figure 8A shows
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Figure 6. MβCD treatment slows down L-type Ca2+ current
activation and inactivation kinetics
A, traces of Ca2+ current normalized with respect to the peak
recorded in control and MβCD-treated myofibres in response to a
1500 ms depolarizing pulse to +30 mV. The continuous thin lines
correspond to a fit of the current recordings using eqn (1) from
Methods. B, voltage dependence of the activation (left) and
inactivation (right) time constants of L-type Ca2+ current obtained by
fitting the current recordings shown in A. Values are mean ± S.E.M.
obtained in 24 control and 16 MβCD-treated myofibres.

Figure 7. MβCD treatment enhances
stimulation of L-type Ca2+ current by Bay
K 8644
A, average I–V curves compiled from
recordings from 6 control cells before and
after application of 5 µM Bay K 8644. L-type
current amplitudes have been normalized to
the maximum current amplitude measured
before Bay K 8644 application. B, same
curves as in A but obtained from 5
MβCD-treated cells.

representative asymmetrical currents produced by charge
movements in response to 2 of 12 depolarizing pulses
delivered to each cell (−10 and +60 mV). Traces show
a transient current at the onset of the voltage step, the
ON charge, and an equal inverted current at the end of
the voltage step, the OFF charge. The voltage dependence
of the ON charge estimated by integration is shown in
Fig. 8B. In all cases, charge movement did not occur at
potentials more negative than −30 mV, then increased
in a sigmoidal fashion and saturated at potentials more
positive than +30 mV. These data were adequately fitted
by Boltzmann equations shown by the lines. Boltzmann
parameters determined for each cell and then averaged
are given for control and MβCD-treated cells in Table 3.
Figure 8B and Table 3 show that the magnitude of
charge movements evoked in MβCD-treated myotubes
was smaller than in control conditions at all potentials. The
maximum amount of charge evoked was reduced ∼30%
after MβCD treatment. However, MβCD treatment did
not affect the voltage dependence of charge movement
as shown by the normalization of the data obtained
in MβCD-treated fibres (dotted line of Fig. 8B). The
alteration of intramembrane charge movement by MβCD
should also be reflected in voltage-evoked Ca2+ transient
properties. Changes in intracellular Ca2+ concentration in
response to depolarization were evaluated using confocal
line-scan imaging of fluo-4 fluorescence as described in
Methods. Figure 9A shows the time course of the fluo-4
fluorescence intensity in control and MβCD-treated cells
in response to a 50 ms depolarization to the indicated
potential from a holding potential of −80 mV. In both
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cases, the increase in cytosolic Ca2+ started at the onset of
the depolarization, peaked less than 100 ms later and had
a relatively long recovery time (>1 s). However, the peak
of the fluorescence was smaller in MβCD-treated cells.
The voltage dependence of 	F/F0 measured at the peak of
the transient is shown in Fig. 9B. In control and MβCD-
treated myotubes, the peak transient had a threshold at
∼−10 mV, increased with pulse potential from −10 to
+50 mV and reached a plateau at more positive potentials.
Table 3 and Fig. 9B show that the maximum peak
fluorescence change (Fmax) was reduced by ∼45% after
MβCD treatment. However, as for charge movements,
MβCD treatment did not affect the voltage dependence of
Ca2+ transients as shown by the normalization of the data

Figure 8. MβCD treatment decreases intramembrane charge
movement without significantly affecting voltage dependence
A, charge movement recordings obtained in response to 25 ms pulses
from a holding potential of −80 mV to the indicated potential in
control and MβCD-treated fibres. B, average voltage dependence of
charge moved in response to depolarization estimated by integration
of the current recorded in 14 control and 17 MβCD-treated cells.
Continuous lines correspond to a Boltzmann fit to the average
populations. Parameters of the fit are Qmax = 1.32 and 0.86 pC,
V 1/2,Q = −8.4 and −9.7 mV and kQ = 13.5 and 15.0 mV for control
and MβCD-treated cells, respectively. The dotted line corresponds to
the normalization of the fit obtained in MβCD-treated cells with
respect to the Qmax value determined under control conditions.

obtained in MβCD-treated fibres (dotted line of Fig. 9B).
Altogether these results show that MβCD treatment
weakened E–C coupling without affecting its voltage
dependence.

Discussion

The cholesterol-binding drug MβCD has been widely used
to reduce the cholesterol content of the plasma membrane
in single cell assays (Kilsdonk et al. 1995; Yancey et al. 1996;
Christian et al. 1997; Gimpl et al. 1997; Steck et al. 2002).
Our data show that exposure of freshly isolated skeletal
muscle cells to MβCD led to striking morphological
modifications accompanied by changes in DHPR function.
MβCD has been suggested to remove membrane

Figure 9. MβCD treatment decreases Ca2+ transients without
significantly affecting their voltage dependence
A, time course of the fluo-4 fluorescence intensity in response to
50 ms pulses from a holding potential of −80 mV to the indicated
potential recorded in control and MβCD-treated fibres. B, average
voltage dependence of the fluorescence variation recorded from 10
control and 9 MβCD-treated cells. Continuous lines correspond to a
Boltzmann fit to the average populations. Parameters of the fit are
F max = 4.6 and 2.5, V 1/2,F = 0.2 and 2.7 mV and kF = 11.5 and 12.1
mV for control and MβCD-treated cells, respectively. The dotted line
corresponds to the normalization of the fit obtained in MβCD-treated
cells with respect to the Fmax value determined under control
conditions.
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Table 3. Parameter values of Q–Vand F–V curve fits

Q – V data F – V data

n Qmax (pC) V1/2,Q (mV) kQ (mV) n Fmax V1/2,F (mV) kF (mV)

Control 14 1.30 ± 0.13 −7.9 ± 2.4 13.4 ± 1.0 10 4.7 ± 0.3 3.0 ± 3.2 11.8 ± 1.3
MβCD 17 0.95 ± 0.11∗ −4.6 ± 3.1 14.5 ± 0.9 9 2.8 ± 0.5∗ 9.5 ± 2.8 14.4 ± 1.3

All the parameters were calculated as described in Methods. Qmax and Fmax are the maximum amount of evoked charge movement
and the maximum variation of fluorescence, respectively; V1/2,Q and V1/2,F are the potentials that elicit the half-maximum increases
for Q or F, respectivley, and k is a slope factor. Data are given as mean ± S.E.M and were obtained by fitting the data from n fibres in
each group. ∗Values which are significantly different from the corresponding control values (P < 0.04, Mann-Whitney test).

cholesterol by a mechanism involving cholesterol diffusion
directly from the plasma membrane into the hydrophobic
core of the MβCD molecule packed near the membrane
surface, without the necessity of desorbing completely
into the aqueous phase (Yancey et al. 1996). In the
present experiments, the lack of effect of MβCD treatment
on the T-type Ca2+ current provided a critical internal
control and suggested that, amongst muscle voltage-
dependent Ca2+ channels, MβCD specifically targets
DHPRs. Moreover, action potentials recorded in control
and MβCD-treated cells appeared similar suggesting
that action potential propagation along the surface
membrane as well as along T-tubules was not drastically
affected by the treatment. These controls suggest that the
observed effects of MβCD treatment on DHPR were not
consequences of a general effect of cholesterol removal on
general membrane physiology that could lead to drastic
alterations of all ions channels. The hypothesis of a
direct pharmacological effect of MβCD on DHPRs was
ruled out by preloading MβCD with cholesterol prior to
exposure to the fetal cells. Cholesterol-saturated MβCD
did not reproduce the effect of MβCD alone. Neither the
amplitude nor voltage dependence of the L-type Ca2+

current were affected, and cholesterol-saturated MβCD
even induced a decrease in the time to peak of L-type
Ca2+ current (most likely due to membrane cholesterol
enrichment; results not shown) whereas MβCD alone
increased this parameter. Thus, in accordance with
results obtained by Launikonis & Stephenson (2001)
on skinned toad muscle fibres, our results show that
MβCD per se does not have a pharmacological effect
on DHPRs, but acts via retrieval of cholesterol from the
membrane.

Membrane cholesterol depletion of skeletal muscle
cells caused a significant decrease in morphologically
recognizable caveolae, together with an ∼30% reduction
in the extent of surface-connected tubular elements.
These morphometric results, obtained with freshly
dissociated differentiated muscle fibres, confirm the
previous determinations obtained on C2C12 muscle

cell cultures using the cholesterol-binding drug
Amphotericin B (Carozzi et al. 2000). In voltage-
clamp experiments, MβCD treatment reduced the
membrane electrical capacitance by ∼25%. This decrease
in electrical capacitance cannot be explained by changes
in the electrical properties of the membrane since
straightforward considerations predict an increase in
membrane capacitance upon cholesterol removal. If we
assume that the membrane is analogous to a parallel-plate
capacitor with an insulator of dielectric constant ε and
thickness d, then the specific membrane capacitance,
i.e. the capacitance value of a 1 cm2 area of membrane,
namely C, is (Hille, 1992):

C = ε×ε0/d

where ε0 is the polarizability of free space. Because
the membrane dielectric constant in the presence of
cholesterol is not significantly different from that in
the presence of other lipids (Fettiplace et al. 1975)
and considering that the inclusion of cholesterol in a
membrane tends to increase the geometric thickness
of the bilayer (Yeagle, 1985; Tulenko et al. 1998), the
equation above predicts that C should increase when
cholesterol is removed from the plasma membrane. The
fact that we observe the opposite effect, i.e. a decrease
in membrane capacitance with cholesterol depletion,
suggests that MβCD induced a significant loss of plasma
membrane and/or plasma membrane-connected tubular
membranes and thus confirms our morphometric data.

Table 4 summarizes the effect of MβCD on several
experimental parameters investigated in the present study.
This table indicates that MβCD did not significantly
affect the visual surface or the T-type Ca2+ current
amplitude. Other parameters were reduced, although not
all in the same proportion. For instance, we observed
a 25% reduction in electrical capacitance, whereas the
L-type Ca2+ conductance was reduced by 41%. Besides,
the total amount of intramembrane charge movements
was reduced by 27%. Part of the observed decrease in
L-type Ca2+ conductance and charge movement could

C© The Physiological Society 2004



J Physiol 555.2 pp 365–381 Modulation of dihydropyridine receptor by cholesterol 377

Table 4. Effect of MβCD on several parameters

Control n1 MβCD n2 Decrease

Surface (µm2) 10773 ± 510 21 10106 ± 533 36 Not significant
Capacitance (pF) 278 ± 14 52 209 ± 12 57 25%
IT (nA) −549 ± 63 38 −615 ± 56 40 Not significant
IL (nA) −2.58 ± 0.18 38 0.85 ± 0.09 40 67%
Gmax (nS) 58.8 ± 4.5 32 34.5 ± 2.9 20 41%
Gmax (pS pF−1) 204 ± 13 32 169 ± 17 20 17%
Qmax (fC) 1.30 ± 0.13 14 0.95 ± 0.11 17 27%
Qmax (fC pF−1) 5.58 ± 0.42 14 4.74 ± 0.49 17 15%
Fmax 4.7 ± 0.3 10 2.8 ± 0.5 9 40%

All the parameters were calculated as described in Methods. IT is the amplitude of T-type Ca2+ current at −20 mV, IL is the peak
of the IL–V curve, Gmax is the maximum conductance for L-type Ca2+ current, Qmax is the maximum amount of evoked charge
movement and Fmax is the maximum variation of fluorescence in response to a depolarization. Averages of Gmax in pS pF−1

and Qmax in fC pF−1 have been calculated by dividing the value of Gmax or Qmax of each studied cell by it’s own capacitance.
The percentage reduction is indicated when the values obtained for control and MβCD-treated cells were significantly different
(P < 0.05, Mann–Whitney test).

result from the loss of electrical connectivity between
a fraction of DHPR-containing membrane domains,
comprising caveolae and developing T-tubules, and the cell
surface membrane, as suggested by the observed decrease
in capacitance and our morphometric results. These results
are in accordance with previous studies describing a
significant decrease in Ca2+ current after detubulation by
glycerol treatment (Siri et al. 1980; Potreau & Raymond,
1980; Almers et al. 1981; Romey et al. 1989). However,
normalization of the conductance and the amount of
charge movement by the capacitance still reveals a 17%
reduction in Gmax and 15% reduction in Qmax, indicating
that the macroscopic conductance and charge movements
were significantly more affected by MβCD treatment
than the capacitance. Moreover, gating properties of
L-type channels, such as the half-activation potential, the
activation and inactivation kinetics and the modulation
by Bay K 8466 were affected by membrane cholesterol
depletion. It is important to note here that we obtained
qualitatively similar results (reduction of L-type current
amplitude, positive shift of the voltage dependence and
slowing down of the time to peak) with myofibres from
15-day-old fetuses where the T-tubule system is absent
(Franzini-Armstrong, 1991), indicating that the observed
effects could not be attributed to a space clamp bias.
Thus, cholesterol removal appeared to have a stronger
effect on DHPR expression than predicted on the basis
of the loss in electrical capacitance. The supplementary
reduction of Gmax and Qmax could be explained by a
heterogeneous distribution of the DHPRs in the cell
membrane (i.e. a higher concentration in the invaginations
which are disconnected from the surface sarcolemma by
MβCD treatment). In addition, the functional expression

of the DHPRs present in the membrane domains still
electrically connected to the cell surface is likely to have
been altered by the reduced amount of cholesterol in the
membrane. Indeed, membrane cholesterol content has
been shown to influence not only membrane fluidity but
also dipole potential which plays an important role in
modulating membrane function (Szabo, 1974; Brockman,
1994), and could in particular affect the conductance
and gating properties of ion channels (Moczydlowski
et al. 1985; Jordan, 1987; Bolotina et al. 1989; Chang
et al. 1995). Alternatively, the observed effects on L-
type Ca2+ current upon cholesterol removal could reflect
changes in the interaction of DHPRs with surrounding
proteins located in caveolae and T-tubules, such as
caveolin-3. Indeed, cholesterol has been shown to play
a critical role in maintaining the caveolae membrane
domains (Rothberg et al. 1992). Furthermore, caveolin-3
is a cholesterol-interacting protein highly concentrated in
caveolae and T-tubules and has been shown to functionally
interact with different ion channels (for review see
Razani et al. 2002). The hypothesis of a functional link
between L-type Ca2+ channels and caveolin has thus to
be considered, although the existence and the nature of
the molecular interactions involved need to be further
explored.

The fluorescence measurements showed a reduction
of voltage-gated Ca2+ transients, indicating a weakening
of E–C coupling in MβCD-treated fibres. This could be
explained by the combination of the decrease in charge
movement, a modification of the functional properties of
the sarcoplasmic reticulum and a more general effect of
cholesterol depletion on muscle physiology. Indeed, due
to intracellular cholesterol trafficking, surface membrane
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cholesterol removal could induce the subsequent depletion
in cholesterol of the sarcoplasmic reticulum membrane,
that could in turn alter the Ca2+ handling abilities of
the sarcoplasmic reticulum, as shown by Launikonis &
Stephenson (2001). Cheng et al. (1986) also showed that
cholesterol content could affect Ca2+-ATPase activity.
Thus, it would be interesting in the future to test if the Ca2+

release flux and the gating of the ryanodine receptor can
be altered by MβCD treatment. Further, it is important
to note that MβCD treatment did not affect the voltage
dependence of E–C coupling whereas that of the L-type
current in MβCD-treated cells was shifted by more than
15 mV towards positive potentials compared to control
cells. Overall, the change in membrane cholesterol content
appears to differentially modulate the two functional
expressions of the DHPR as a voltage sensor for E–C
coupling and as an L-type Ca2+ channel. These results
strengthen the previously proposed hypothesis of the
possible existence of two different subpopulations of
DHPRs (Strube et al. 1992, 2000).

In the above-mentioned previous work, a differential
regulation of the two functions of the DHPR was
observed during prenatal myogenesis; intriguingly, some
of the properties observed after MβCD treatment are
reminiscent of those of skeletal muscle cells seen at earlier
stages of development. The transverse tubular system
of MβCD-treated cells had a pronounced longitudinal
orientation, comparable to that seen during early gestation
(Franzini-Armstrong, 1991; Takekura et al. 2001).
L-type Ca2+ currents recorded in early prenatal (E14)
mice skeletal muscle cells are characterized by a positive
shift of the voltage dependence and a slower time to peak
compared to currents recorded around birth (E18–E19)
(Strube et al. 2000). Moreover, the L-type current has a
higher sensitivity to Bay K 8644 in E14 myofibres than
in E18 myofibres (authors’ unpublished data). Compared
to these results, membrane cholesterol depletion seems
to modify L-type Ca2+ current properties by mimicking
effects observed at earlier stages of development. However,
MβCD treatment may not accurately reproduce the
physiological changes in membrane cholesterol content
and this could account for the slight differences observed
regarding parameters such as the activation kinetics,
which do not change during development whereas they
are slowed down by MβCD treatment. Moreover, it is
worth emphasizing that studies evaluating membrane
cholesterol during development are in disagreement. In in
vivo studies, a decrease in membrane cholesterol content
was observed during development in chicken and rabbit
skeletal muscle (Boland & Martonosi, 1974; Smith & Clark,
1980; Volpe et al. 1982), whereas an increase in membrane

cholesterol content was reported during development
in cultured chicken muscle cells (Boland et al. 1977).
Thus, it would be interesting to determine the variations
of membrane cholesterol in our system to evaluate a
possible role of cholesterol in DHPR modulation during
myogenesis.

In conclusion, our results show that cholesterol plays
an important role in fetal skeletal muscle cells and
can modulate the functional expression of DHPRs.
Membrane cholesterol depletion by MβCD leads to (1)
a disruption of T-tubules and caveolae containing DHPRs
and thus a decrease in the number of functional DHPRs;
(2) a modulation of the functional expression of the
remaining DHPRs, including important modifications
of the L-type Ca2+ channel gating properties. The
decrease in intramembrane charge movements and Ca2+

transients indicates an impairment of E–C coupling
function and confirms, in freshly isolated mammalian
cells, the results obtained by Launikonis & Stephenson
(2001) using toad skinned fibres, in which depletion
of membrane cholesterol caused a weakening of E–C
coupling. Regarding L-type Ca2+ channel function, the
alteration of gating properties (15 mV positive shift
of the I–V curve and slowing down of the activation
and inactivation kinetics) indicates a direct effect of
membrane cholesterol content on the DHPR and suggests
a modulation of the open probability and/or the single
channel current by cholesterol, over and above the
decrease in the number of functional channels. Previous
studies on muscle are, to our knowledge, restricted to
smooth and cardiac muscles and the literature reveals
discrepancies. In smooth muscle, Gleason et al. (1991)
and Sen et al. (1992) reported an increase in L-type Ca2+

current with membrane cholesterol enrichment using
arterial muscle cell cultures. Additionally, Renaud et al.
(1986) and Bergdahl et al. (2003) reported, in cardiac
and smooth muscle cells, respectively, an inhibition of
L-type calcium current by a statin called lovastatin, which
was also shown to reduce plasma membrane cholesterol
in brain cells (Kirsch et al. 2003). However, Jennings
et al. (1999) observed an inhibition of Ca2+ current
by cholesterol in gallbladder smooth muscle and Löhn
et al. (2000) showed that cholesterol depletion did not
affect L-type current in arterial and cardiac muscle cells.
In our case, cholesterol depletion induced a decrease in
L-type Ca2+ current. Such diverse effects of cholesterol on
DHPR function could reflect differences in cholesterol-
enriched microdomains, or variations in density of
transverse tubules and types of DHPR in the different
muscle cell types investigated. Taking this into account,
it appears fundamental to pursue studies in mammalian
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skeletal muscle fibres in vivo to further understand how
membrane cholesterol content can regulate the L-type
Ca2+ channel function and the voltage-sensor function
of the DHPR in both developing and adult mammalian
skeletal muscle. Such studies are of particular interest
for skeletal muscle physiopathology mechanisms as mild-
to-severe myopathies have been reported to be possible
adverse effects of blood-cholesterol-lowering treatments
using statins (Thompson et al. 2003), which, as mentioned
above, can alter L-type Ca2+ current as well as membrane
cholesterol content (Renaud et al. 1986; Bergdahl et al.
2003; Kirsch et al. 2003).
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